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Response of Hippocampal Synapses to Natural
Stimulation Patterns
drive synapses in vivo. That is the goal of the work
presented here.
The analysis of synaptic responses to natural spike
Lynn E. Dobrunz* and Charles F. Stevens
Howard Hughes Medical Institute
Molecular Neurobiology Lab
trains presents several technical problems. First, oneThe Salk Institute
must be able to activate a homogeneous population ofLa Jolla, California 92037
synapses to study responses of a single synaptic type;
only a few brain areas, such as hippocampus and cere-
bellum, have the anatomical structure appropriate for
Summary such an experiment. Second, one must have access to
spike trains like those that the synapses would ordinarily
We have studied the synaptic responses in hippocam- experience during normal brain operation; spike data
pal slices to stimulus patterns derived from in vivo obtained from awake animals are not widely available
recordings of place cell firing in a behaving rodent. for most brain regions and for the species in which
We find that synaptic strength is strongly modulated synaptic physiology is to be investigated. The hippo-
during the presentation of these natural stimulus campus does, however, meet both of these requirements.
trains, varying 2-fold or more because of short-term The rodent hippocampal slice is a standard preparation
plasticity. This modulation of synaptic strength is pre- that permits the study of an apparently homogeneous
cise and deterministic, because the pattern of synaptic population of excitatory synapses, and in vivo re-
response amplitudes is nearly identical from one pre- cordings from hippocampal ªplaceº cells are rather
sentation of the train to the next. The mechanism of common (O'Keefe and Dostrovsky, 1971; O'Keefe and
synaptic modulation is primarily a change in release Nadel, 1978; Best and White, 1998). These natural spike
probability rather than a change in the size of the ele- trains recorded from place cells can be used to stimulate
mentary postsynaptic response. In addition, natural synapses in a hippocampal slice much as these syn-
stimulus trains are effective in inducing long-term po- apses would be activated in the awake brain.
tentiation (LTP). We conclude that short-term synaptic We have recorded the postsynaptic responses in hip-
plasticityÐfacilitation, augmentation, and depressionÐ pocampal slices to stimuli presented with patterns of
plays a prominent role in normal synaptic function. intervals generated by place cells in behaving rodents.
Our work has focused particularly on three questions:
Introduction how large are the short-term changes in synaptic
strength (owing to, for example, facilitation, augmen-
tation, and depression) during stimulation with a naturalStudies of synaptic transmission traditionally use single
spike train? Are the short-term changes in synapticaction potentials, pulse pairs, or constant frequency
strength that occur during stimulation by a natural spikepulse trains to activate synapses. With these standard
train due to alterations in release probability, in the sizemethods, electrophysiologists have elucidated a variety
of the postsynaptic current, or both? And are naturalof synaptic properties. These include the probabilistic
stimulus trains capable of inducing long-term changesnature of neurotransmitter release (Katz, 1969), several
in synaptic strength?forms of short-term plasticity (paired pulse facilitation,
Our experiments reveal dramatic fluctuations in syn-augmentation, posttetanic potentiation, depletion, and
aptic strength during natural spike train stimulation, withdepression) (Magleby, 1987; Zucker, 1989), as well as
the response size varying 2-fold or more from one partlonger lasting changes in synaptic strength (long-term
of the train to the next. Thus, facilitation and depressionpotentiation [LTP] and long-term depression [LTD]) (Bliss
are very prominent effects when synapses are stimu-and Collingridge, 1993; Bear and Malenka, 1994; Nicoll
lated with a natural sequence of intervals and are likelyand Malenka, 1995; Bear and Abraham, 1996).
to be significant features of synaptic responses in vivo.Despite extensive work on these various forms of
Although the variation of response sizes within the stim-long- and short-term synaptic plasticity, we are not
ulation pattern is large (a factor of two), the pattern ofaware of any data that permit one to judge the relative
response sizes is almost identical from one presentationimportance of these phenomena for usual synaptic func-
of the train to the next. This indicates that synaptiction. Are facilitation and depression important effects
strength is being precisely modulated by the timing ofduring normal synapse operation, and if so, to what
the stimulus. By measuring the response of single syn-extent and which predominates? Are spike trains of
apses to natural stimulus trains, we show that the short-the sort usually encountered during brain function ade-
term variations in synaptic strength within a given trainquate to produce long-term potentiation? The only way
are predominately due to changes in the probability ofto judge the relevance of these commonly studied forms
neurotransmitter release, with little or no change in theof plasticity to actual synaptic function is to investigate
amplitude of the elementary postsynaptic response. Insynaptic responses to the sort of spike trains that would
addition, natural spike trains are quite effective in induc-
ing LTP.
Some of these data have been presented in abstract* To whom correspondence should be addressed (e-mail: dobrunz@
axp1.salk.edu). form (Dobrunz and Stevens, 1996).
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Figure 1. Synaptic Strength Is Modulated
with High Precision over a Wide Range in
Response to a Natural Stimulation Pattern
(A) Field EPSP initial slope during natural
stimulation pattern, plotted against stimulus
number. First 64 points in Figure 1A show
the response size to slow constant frequency
stimulation (0.1 Hz). At the point indicated by
the arrow, stimulation was switched to the
natural stimulus pattern for the remaining 128
points shown. The sequence of interstimulus
intervals for the natural stimulus pattern was
derived from interspike intervals from rat hip-
pocampus in vivo. Notice that the response
amplitude is plotted against stimulus number,
not time. The inset on the left shows the first
40 sec of the constant frequency stimulation
(the total duration of the constant frequency
data shown, 640 s). The inset on the left
shows the first 40 sec of the natural stimulus
pattern, whose total duration was 4.1 min.
The timing of the entire natural stimulation
pattern is illustrated in Figure 2A. Note that
stimulus strength does not change.
(B) Mean field EPSP initial slope 6 SD of the
response for four repetitions of the same natural stimulus pattern. For each stimulus number, the responses are averaged across the four
trials. Note that these are SDs, not standard errors of the measurement (SEM), as are often shown. Inset shows a representative EPSP.
(C) Field EPSP initial slope during one presentation of the natural stimulus pattern is plotted against the response during the next presentation
of the same natural stimulus pattern. All of the points lie close to the line at unity.
(D) Mean field EPSP initial slope 6 SD (four repetitions) of the response from a different slice to a different (unscaled) natural stimulus pattern
at near physiological temperature (358C), plotted against stimulus number. Inset shows timing of the 128 point natural stimulus pattern.
Results over more than a 2-fold range (measured by the ratio
of the maximum response size to the minimum response
size). Since the strength and duration of the appliedResponse to a Natural Stimulus Pattern:
Field Potentials stimulus pulse was always held constant, the changes
in response size must be caused by the pattern of inter-Response Size Varies over a Wide Range during
Natural Stimulus Pattern stimulus intervals. This large range of response sizes is
typical for natural stimulus trains; for 16 experimentsFor our first experiment, we examined the response of
a population of synapses to a natural stimulus pattern. using five different natural stimulation patterns, the syn-
aptic strength varied by between 1.8- and 4.3-fold (ratioSynaptic response was measured as the initial slope of
the field excitatory postsynaptic potential (ªfield EPSPº) of maximum to minimum), with a mean of 2.5 6 0.6. Note
that the differences in synaptic strength encounteredin the CA1 region of hippocampal slices. (Except where
specified in Figure 6, all experiments were carried out within a natural spike train exceed the usual magnitudes
of LTP and LTD for field potentials (Bliss and Colling-in the presence of the NMDA receptor blocker [1]-2-
amino-5-phosphonopentanoic acid [APV] to ensure that ridge, 1993; Bear and Malenka, 1994; Nicoll and Malenka,
1995). The short-term changes in synaptic strength thatno NMDA receptor-dependent long-term changes in
synaptic strength occurred.) We presented the syn- occur during usual synaptic use are apparently very
large.apses with a constant amplitude stimulus train in which
the pattern of 128 interstimulus intervals was derived One way to characterize the variability that occurs
within the responses to a natural stimulation pattern isfrom a sequence of interspike intervals measured in vivo
from the hippocampus of a freely moving rat. (The in to calculate the coefficient of variation (CV). For each
experiment, we determined the mean and standard devi-vivo data were generously provided to us by Dr. Robert
MuÈ ller and Dr. AndreÂ Fenton; see Fenton and MuÈ ller ation (SD) of the response sizes over one presentation
of the stimulus pattern and then found the coefficient[1998] for details of the methods.) These stimulus pat-
terns, described more completely in a later section, typi- of variation (CVwithin) by taking the ratio of the SD to
the mean. We use the subscript ªwithinº on CVwithin tocally consist of clusters of stimuli with short interstimu-
lus intervals, separated by long intervals with little or no indicate that it measures the variability in response sizes
that occurs within a single presentation of the stimulusactivity, and are referred to here as natural stimulus
patterns. The synaptic responses to stimulation by a pattern. This measure of variability has an advantage
over using the range of response sizes, as we did above,natural stimulus pattern are shown in Figure 1.
As expected, the response size was very constant in that the CVwithin represents an overall ªaverageº vari-
ability and is not strongly influenced by extreme valuesduring the constant frequency stimulation (first 64 points
in Figure 1A). In marked contrast, the responses during that happen to occur. For the natural stimulus pattern
data in Figure 1A, CVwithin 5 0.14, and for 16 experimentsthe natural stimulus pattern (last 128 points in Figure
1A) were widely scattered, and synaptic strength varied (five different natural stimulus patterns), CVwithin ranged
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from 0.11 to 0.36, with a mean of 0.18 6 0.07. In contrast, order to facilitate comparison of our present results with
those in the literature. The spike trains, however, werefor the constant frequency data in Figure 1A, CVwithin was
0.011 for the 64 response amplitudes shown, almost an recorded in vivo at normal rodent body temperature
(z398C). For our studies in slices at room temperature,order of magnitude lower than the variability seen for
the natural stimulus pattern. Thus, the response size we needed to scale the interstimulus intervals to com-
pensate for the temperature difference and the conse-varies, on average, by just a few percent for slow, con-
stant rate stimulation. These results are typical of all of quent differences in characteristic times for the pro-
cesses underlying short-term plasticity. We thereforeour slices; during constant frequency stimulation, the
field EPSP slope was constant to within about 3%. multiplied all of the spike train intervals by the empirical
factor 3 to generate the interstimulus intervals used (seeClearly, the variability in synaptic strength during the
natural stimulus pattern is a large effect caused by the Experimental Procedures) for the experiments described
above. This assumes a Q10 of z2, which is comparable totiming of the stimulation.
other measured Q10 values (Frankenhaeuser and Moore,
1963; Barrett and Stevens, 1972; Magleby and Stevens,Response Sizes Do Not Vary between Repetitions
1972; Beam and Donaldson, 1983).of the Natural Stimulus Pattern
We next verified that the variability in response ampli-How consistent is the modulation of synaptic response
tude observed at room temperature (with the scaledduring the natural stimulus train? We presented the
interstimulus intervals) is comparable in size to that seensame natural stimulus pattern multiple times to each
in slices studied at body temperature. Thus, the variabil-slice and found that the responses were highly consis-
ity in response size was measured during the naturaltent from trial to trial (Figure 1B).
stimulation pattern at near physiological temperatureThe variability of the response size to repeated pre-
(358C) with the actual (that is, unscaled) interstimulussentations of a particular stimulus in a train can be char-
intervals recorded in vivo. A typical result appears inacterized by the CV. Previously, we measured the vari-
Figure 1D, showing that the responses at higher temper-ability in response sizes observed during a single
atures are qualitatively similar to those in Figure 1B ofpresentation of a stimulus pattern as CVwithin; now, we a slice at room temperature. This impression is con-define the CV calculated for the response to each stimu-
firmed by a quantitative comparison of the high- andlus of a repeatedly presented pattern as CVbetween. Here, low-temperature experiments.the ªbetweenº indicates that we calculated the CV for
To compare quantitatively the variability at the differ-responses between repetitions of the same stimulus
ent temperatures, we first measured the response sizespattern. For each stimulus, CVbetween is the ratio of the SD to a particular natural stimulus pattern (spike train inter-to the mean across trials. These values were averaged to
vals scaled) in slices at room temperature. The slicegive the final mean CVbetween. For the data illustrated in temperature was then increased to near physiologicalFigure 1B, the average CVbetween was 0.023 6 0.010, and temperature (358C), and we measured the responsethe individual values of CVbetween ranged from 0.005 to sizes to the same pattern (interstimulus intervals not0.082 for the 128 points in the pattern. This precision
scaled). Note that the ªsameº stimulus pattern was usedin the modulation of synaptic strength by the natural
for both the low- and high-temperature parts of the ex-stimulus pattern was true in all experiments. For 16 ex-
periment, in that the ratios of adjacent intervals wereperiments (14 slices and five different patterns), the aver-
identical in both cases, but all of the interstimulusage CVbetween ranged between 0.023 and 0.055, with a lengths were three times longer for the low- (room) tem-total mean of 0.040 6 0.011. Thus, the average differ-
perature recordings. The range of response sizes wasence in response to a particular stimulus in a natural
2.1 6 0.4 fold (n 5 5) during a natural stimulus patternspike train was only about 4% across repeated presen-
measured at physiological temperature, values that aretations of the same spike train. Note that this is about the
not significantly different from the 2.2 6 0.2 fold (n 5 5)same amount of variability that was seen for successive
variations measured in the same slices at room tempera-responses to a slow constant frequency stimulus (first
ture when the intervals were scaled by 3 for the lowpart of Figure 1A).
temperatures (Student's paired t test, p . 0.5). Further-To illustrate the extent to which repeated presenta-
more, CVwithin 5 0.16 6 0.05 for the high-temperaturetions of the same natural stimulus train give the same
experiments was not significantly different from CVwithin 5pattern of responses, Figure 1C shows a point-by-point
0.13 6 0.01 for the low-temperature data (with the scaledcomparison of the responses from two successive pre-
intervals). Having determined that a scale factor of 3sentations of a natural sequence of interstimulus inter-
applied to interspike intervals measured in vivo gives
vals. As expected, the points all lie close to the dashed
the same amount of variability in response amplitude at
line, with a slope of one; the correlation coefficient (R)
room temperature, we therefore returned to the more
equals 0.97. This indicates that the modulation of the
conventional room temperature condition for the re-
synaptic response by the natural stimulus pattern is very
mainder of our experiments.
precise, rather than reflecting large random fluctuations.
Structure of the Natural Stimulus Pattern
Variability Is Similar at Physiological Temperature Because the intensity of our applied stimulus is always
and Room Temperature constant, the variability in synaptic strength described
Because slice experiments are most often carried out above must result from a dependence of synaptic re-
at room temperature, we chose to study the responses sponse amplitude on the history of interstimulus inter-
vals within the natural pattern. Figure 2A is an illustrationto natural spike trains at this temperature (z228C) in
Neuron
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Figure 2. Natural Stimulus Patterns Show
Highly Variable Timing
(A) Timing of stimuli for natural stimulus pat-
tern used in Figures 1A and 1B. The pattern
is taken from actual hippocampal cell firing
patterns recorded in vivo from an awake
freely moving rat (see Experimental Proce-
dures). Because the temperature of the in vivo
recordings was normal, rodent body temper-
ature (z398C) and the experiments were car-
ried out at room temperature (z228C), we
used the ªnaturalº ratio of successive inter-
vals but scaled all of the actual intervals by
a factor of 3. Note that the pattern consists of
clusters of stimuli separated by long intervals
with little or no activity. For this pattern, 128
stimuli were applied during 4.7 min, with an
average frequency of 0.46 Hz. Interstimulus
intervals ranged from 35 ms to 50 s, with the
average being 2.2 6 7.4 s.
(B) Subset (indicated by dashed box in [A])
of the same pattern shown on expanded time
scale. During these 5 s, 11 stimuli were ap-
plied.
(C) Histogram of interstimulus intervals for
this natural stimulus pattern. Inset shows
more detail for interstimulus intervals ,1 s.
of the timing of the natural stimulus pattern used for the interstimulus intervals, no tight relationship between the
synaptic response size and interstimulus interval is evi-experiment in Figure 1B. Notice that there are clusters
of many stimuli close together, separated by long peri- dent. This result was consistent across the 16 experi-
ments and for all five of the different natural patternsods with no activity as shown in Figure 2B.
The interstimulus intervals range over three orders tested and demonstrates that the synapse ªremembersº
or is influenced by its recent pattern of stimulation, notof magnitude, with the shortest interval in this natural
stimulus pattern being 33 ms and the longest over 50 s; merely the time since the last spike arrived.
most of the intervals are fairly short, less than a second,
while the remainder are scattered over longer intervals Responses Show a Mixture of Depression
and Facilitation(Figure 2C). Of the intervals less than a second, the
majority of intervals are quite short, and the distribution In all of the experiments, responses showed a mixture
of facilitation and depression in response to the naturaltails off at longer intervals (Figure 2C, inset). The mean
interstimulus interval for this pattern was 2.2 6 7.4 s, stimulus pattern. On average, however, more responses
were depressed (relative to the control level at slowwhile the median interval was only 0.159 s. Each of
the patterns used was qualitatively similar to this one, constant frequency) than were facilitated for the experi-
ments at room temperature. The number of stimuli forcontaining clusters of stimuli with short intervals, sepa-
rated by long periods with little or no activity. which the response size was ,95% of the control value
(depression) averaged 74 6 37 (out of 128, n 5 16) and
ranged from 10 to 122. In contrast, the number of stimuliResponse Amplitude Is Not a Function
of the Preceding Interstimulus Interval for which the response size was .105% of the control
value (facilitation) averaged only 31 6 24 (out of 128,Figure 3A presents synaptic responses from the experi-
ment in Figure 1B plotted versus total elapsed time dur- n 5 16) and ranged from 0 to 85. The average magnitude
of the depression (19%) was not, however, significantlying the trial rather than versus stimulus number. Because
of the wide range of interstimulus intervals, all of the different from than that of the facilitation (16%, Student's
paired t test, p . 0.5). There was significant variationresponses are clustered on top of each other, making
the plot difficult to interpret. Figure 3B shows a subset in the amount of facilitation and depression from one
experiment to another, and 4 of 16 experiments showedof the data, indicating that the modulation of synaptic
strength by the stimulus pattern occurs rapidly. There more facilitation than depression. This indicates that
short-term depression is likely to play a major role inare clear and reproducible increases and decreases of
the response size from stimulus to stimulus. normal in vivo synaptic functioning, although the relative
amounts of facilitation and depression will depend uponNo simple, monotonic relationship exists between the
individual response sizes and the immediately preced- the particular patterns of stimulation a synapse encoun-
ters and on the properties of the synapse.ing interstimulus interval (Figures 3C and 3D). Note that
the response amplitudes range over about 2-fold, while
the interstimulus intervals vary over three orders of mag- Mechanism for Modulation in Synaptic Strength
during Natural Stimulus Patternnitude; furthermore, the amplitude variability over any
decade of interstimulus intervals is as large as the aver- We next investigated the mechanism for this rapid and
repeatable modulation of synaptic strength by the his-age change over the full range of intervals. Although
the smallest responses tend to occur at the smallest tory of interstimulus intervals. Over 11 experiments, the
Synaptic Response to Natural Stimulation Patterns
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Figure 3. Response Size Is Not a Simple
Function of Interstimulus Interval
(A) Data from Figure 1B (field EPSP initial slope,
mean 6 SD, n 5 4) plotted against elapsed
time during the natural stimulation pattern.
Responses have been normalized by control
value at slow (0.10 Hz), constant frequency
stimulation.
(B) Subset (indicated by the dashed box in
[A]) is shown on an expanded time scale to
illustrate details within one cluster.
(C) Field EPSP initial slope as a function of
preceding interstimulus interval during natu-
ral data train (data from Figures 1B and 3A).
No simple relationship is evident.
(D) Another example of the field EPSP initial
slope as a function of preceding interstimulus
interval during a different natural stimulation
train from a different slice. Again, no simple
relationship is seen.
excitatory postsynaptic current (EPSC) amplitude, mea- applied natural stimulus pattern (range of 0.037 to
0.363). The relationship of release probability to the pre-sured with whole-cell patch clamping, varied an average
of 3.5 6 1.1 fold within a natural spike train (range 2.1 ceding interstimulus interval is complicated, as indi-
cated in Figure 4B.to 5.5). The average CVwithin across responses to a single
presentation of the natural stimulus pattern was 0.27 6 This variation in release probability is not unexpected,
since numerous experiments have shown short-term0.09 (range 0.15 to 0.41). Thus, as with the field poten-
tials, the EPSCs of a single cell show large variability plasticity to be presynaptic phenomena. Is there also a
change in the unitary postsynaptic response size? Asattributable to the temporal properties of the natural
pattern of activation. shown in Figure 4C, the potency does not vary signifi-
cantly through the presentation of the natural stimulusFrom measurements of single synaptic connections
between CA3 and CA1 cells, two sources of variability pattern. Therefore, the rapid modulations of synaptic
response by a natural stimulus pattern occur mainlyhave been demonstrated. First, the probability of neuro-
transmitter release at individual synapses has been through changes in the synaptic release probability, with
no appreciable change in the postsynaptic response.shown to be well ,1 (Raastad et al., 1992; Hessler et
al., 1993; Rosenmund et al., 1993; Allen and Stevens, This same resultÐthat release probability is modulated
over a wide range with little or no change in the ampli-1994) and to be modulated by stimulus timing (Stevens
and Wang, 1995; Dobrunz and Stevens, 1997; Dobrunz tude of responsesÐwas observed at the other putative
single synapse stimulated repeatedly with the naturalet al., 1997). Second, there is variability in the size of
the postsynaptic response when neurotransmitter is re- pattern.
For three other cells, we believe that more than oneleased. Synaptic potency, which is the amplitude of the
postsynaptic response to one quantum of neurotrans- synapse was being activated by our stimulus but that
the number of synapses was only two or three. Thismitter at a single synapse, can vary more than 2-fold at
these synapses. belief is based on the fact that the shape and latency
of all synaptic currents were not identical, but only twoWe used recordings from single synapses and from
small numbers of synapses to examine whether the nat- or three shapes and latencies were seen. When more
than one synapse can be activated by the stimulus, oneural stimulus pattern changes the probability of neuro-
transmitter release or the size of the quantal postsynap- cannot be sure that the response is unitary because of
the possible summation of the synaptic currents fromtic response, or both. Using the technique of minimal
stimulation (see Experimental Procedures for descrip- the different synapses. Nevertheless, changes in overall
probability of transmitter release can be observed whention), we measured the probability of neurotransmitter
release during a natural stimulus train for five cells. Two the number of synapses activated is small and they
have low release probabilities. In all three near minimalof those cells met our strict criteria for a single synaptic
site, thus enabling measurement of the unitary response stimulation experiments, we found dramatic changes in
the release probability throughout the stimulus trainsize.
As illustrated in Figure 4A, release probability varies (6- to 20-fold), with little or no change in the amplitude
of the responses (which presumably indicates a lack ofthroughout the presentation of the natural stimulus pat-
tern. The error bars indicate an estimate of the confi- superimposed responses from multiple synapses). Taken
together, these observations show that variability in syn-dence of the probability measured, based on a binomial
model (details in Experimental Procedures). Notice that aptic strength during a natural stimulus train occurs
mainly because of changes in release probability, justin this example, the release probabilities Pr are quite low
(average Pr 5 0.157) and vary about 10-fold during the as seen for facilitation and depletion, and that changes
Neuron
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Figure 4. Changes in Release Probability Un-
derlie the Synaptic Modulation during the
Natural Stimulus Pattern
(A) Release probability versus stimulus num-
ber from a single synapse during a natural
stimulus pattern. A 32 point natural stimulus
pattern, with an average interstimulus interval
of 0.8 6 2.2 s, was repeated 80 times and the
EPSCs recorded. The release probability for
each of the 32 pulses in the train was deter-
mined by counting the fraction of times a re-
lease occurred over the 80 trials; error bars
indicate estimates of the confidence of the
probability measured (SD), based on a bino-
mial model (see Experimental Procedures). In-
set shows two representative traces, one in
which neurotransmitter was released and one
in which no transmitter release was seen.
(B) Release probability (from single synapse
in [A]) plotted as a function of the preceding
interstimulus interval shows no simple rela-
tionship. Inset shows timing of stimulus
pattern.
(C) Potency (average amplitude of EPSCs
when a release occurred) is independent of
release probability at a single synapse during
the natural stimulus pattern.
in the unitary postsynaptic response make little or no To illustrate the difference in the responses of the two
slices to the same stimulus pattern in a different way,contribution.
Figure 5C shows a point-by-point comparison of the re-
sponse from Slice 2 (from Figure 5B) versus the responseResponse Characteristics Are Not Uniquely
Determined by the Stimulus Pattern from Slice 1 (Figure 5A). (Both have been normalized by
their control response levels at 0.17 Hz stimulation.) TheWe have demonstrated above that the pattern of re-
sponse amplitudes is remarkably consistent from one dashed line indicates where the points would lie if the
normalized responses were the same. The correlation co-presentation of a natural stimulus train to the next and
that the modulation of synaptic strength occurs almost efficient (R) relating the responses from these two experi-
ments is 0.63, indicating that the responses are notexclusively through changes in release probability.
Based upon the responses of single synapses to con- strongly correlated. In 35 comparisons of the responses
of different slices to the same natural stimulus train, thestant frequency trains (Dobrunz and Stevens, 1997), we
expect that the observed response pattern results from correlation coefficient relating the response in one slice
to that of another was R 5 0.60 6 0.26 (range of 0.15 toa combination of facilitation, augmentation, and depres-
sion that alters the release probability. Do populations 0.97). In contrast, the average correlation coefficient of
responses for repeated application of the same stimulusof synapses from different slices exhibit the same com-
bination of facilitation and depression properties, thereby train to the same synapse population in the same slice is
R 5 0.94 6 0.03 (range of 0.89 to 0.99, n 5 16). Thus, thecausing the response pattern to a natural spike train to
be determined completely by the pattern of interstimulus pattern of responses to a natural spike train can differ
greatly from one slice to the next.intervals? To investigate this question, we compared re-
sponses from different slices to presentations of the same Is this variability in response to a natural spike train
related to the state of a sliceÐperhaps the history of neuro-natural stimulus pattern.
Response patterns can be considerably different be- modulatory influences or some other general characteris-
tic of the brainÐor to heterogeneity that appears within atween the two slices presented with identical stimulus
trains (Figures 5A and 5B). In Figure 5A, the response single slice? To answer this question, we recorded from a
single location in the slice and stimulated two independentshowed both facilitation and depression as compared with
the control size (constant 0.17 Hz stimulation). The average (nonoverlapping) pathways activating neurons at that site.
The response pattern was very similar for two differentresponse size to the natural stimulus was 98% of the
control level, reflecting an overall balance between the pathways in the same slice (R 5 0.95 6 0.04, n 5 4). We
conclude, therefore, that it is differences in slice propertiesamounts of facilitation and depression. The response size
ranged from 61% to 135% of control, with CVwithin 5 0.13. that lead to variations in the response to the same stimulus
train; any effects of synapse heterogeneity within a sliceIn marked contrast, the slice in Figure 5B showed consid-
erable depression in response to the natural stimulus pat- appear to be averaged out. Because different slices show
different response patterns to the same natural stimulustern, with the average response size equal to 76% of the
control level. This slice also exhibited much more variabil- train, knowing the sequence of interstimulus intervals
alone does not give sufficient information to predict theity; the response sizes ranged from 41% to 132%, and
CVwithin 5 0.26. response pattern.
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Figure 5. Different Slices Respond Quite Dif-
ferently to the Same Natural Stimulation
Pattern
(A) Field EPSP initial slope versus stimulus
number for Slice 1 in response to a natural
stimulation pattern. Responses are mean 6
SD (n 5 3 repetitions) and have been normal-
ized by the control value at slow (0.17 Hz),
constant frequency stimulation. The stimulus
pattern was 128 stimuli, with a mean inter-
stimulus interval of 1.9 6 5.6 s, with a median
of 0.228 s.
(B) Field EPSP initial slope versus stimulus
number for Slice 2 (from a different rat) in
response to the same natural stimulus pat-
tern. Responses are mean 6 SD (n 5 3 repe-
titions) and have been normalized by the
control value at slow (0.17 Hz), constant fre-
quency stimulation.
(C) Responses from Slice 2 are shown as a
function of responses from Slice 1. Re-
sponses do not lie along the dashed line at
unity (compare with Figure 1C). They are not
very well correlated (R 5 0.63).
Effect of a Natural Stimulus Pattern strength is rapidly, precisely, and deterministically mod-
ulated 2- to 4-fold during the natural use of hippocampalon the Induction of LTP
All of the experiments presented so far were carried out synapses. These rapid modulations of synaptic strength
are due to changes in synaptic release probability, within the presence of the NMDA receptor blocker APV to
ensure that no NMDA receptor-dependent long-term little or no change in postsynaptic sensitivity. Further-
more, the synaptic response amplitude is not merely achanges in synaptic strength occurred. We next asked,
are the natural stimulation patterns effective in inducing function of the preceding interstimulus interval; syn-
apses have a memory of their recent history of use thatLTP? We again measured field EPSPs recorded from a
single location while stimulating two independent (non- greatly affects their response to subsequent stimuli.
Several forms of short-term plasticity that were firstoverlapping) pathways, a control and a test pathway. Fig-
ure 6 shows the effect of stimulating the test pathway with characterized at the neuromuscular junction (reviewed
by Magleby, 1987), have been extensively studied ata 256 point natural pattern in the absence of APV. Before
presenting the natural pattern, a baseline response size central synapses at the level of the population response,
the single neuron response, and even the single syn-was measured with a slow constant frequency stimulus
(0.17 Hz) in the control (open circles) and test (closed apse. These include various forms of facilitation and
depletive and depressive mechanisms with time scalescircles) pathways. After 30 min, stimulation was stopped
for the control pathway, and the natural stimulus pattern ranging from a few milliseconds to several minutes (re-
viewed by Zucker, 1989; Fisher et al., 1997; Zador andwas presented only to the test pathway (indicated by
the solid bar). Then, constant frequency stimulation (0.17
Hz) was resumed in both pathways for at least 30 min;
LTP was assessed as the ratio of the response size
after 30 min, relative to the baseline. In this experiment,
stimulating with the natural stimulus pattern caused a
lasting potentiation; the average response to 0.17 Hz
stimulation was increased by 44%, relative to the base-
line. In the control pathway, which did not receive the
natural stimulus pattern, the response was unchanged.
LTP (an increase in the response size that persisted at
least 30 min after the presentation of the natural pattern)
was seen in eight of ten slices, each presented with one
of five patterns. Thus, stimulation with a natural pattern
Figure 6. Natural Stimulus Pattern Induces LTPis able to cause long-term changes in synaptic strength.
Field EPSP slope versus time for two independent pathways in the
same slice. At 30 min., a 256 point natural stimulus pattern was
applied to the test pathway (closed circles), which caused a longDiscussion
lasting potentiation of the response to constant frequency (0.17 Hz)
stimulation. Solid bar indicates when the natural stimulus patternWe have reported here what we believe are the first
was applied. The control pathway (open circles), which was not
experiments in which natural action potential trains re- stimulated with the natural pattern, was not potentiated. Responses
corded in vivo from awake animals are used as stimu- have been normalized by their values at slow (0.17 Hz), constant
frequency stimulation during the initial 30 min.lus patterns for synaptic recordings in vitro. Synaptic
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Dobrunz, 1997). The interactions of these many forms of a single well defined class of excitatory synapses.
of plasticity, which are now beginning to be studied for Second, we used stimulus patterns derived from mea-
central synapses (Markram and Tsodyks, 1996; Sen et surements of in vivo interspike intervals rather than ex-
al., 1996; Abbott et al., 1997; Dobrunz and Stevens, ponentially distributed intervals. While the timing of ran-
1997; Markram et al., 1997; Tsodyks and Markram, 1997; dom stimulus trains is irregular and contains a mixture
Varela et al., 1997), underlie the very complicated pat- of short and long intervals, the natural stimulus patterns
terns of synaptic responses seen with the natural stimu- we tested contain an even wider range of intervals and
lus pattern. the same mixture of intervals seen in vivo. We were thus
While the constant frequency stimulus and pulse pairs able to determine the extent to which synaptic strength
usually used for studying synaptic mechanisms are very is likely to be modulated by short-term mechanisms in
useful, they certainly are not representative of the types the actual functioning of the brain. Third, we were able
of input patterns these synapses normally experience. to directly confirm using single synapse recordings that
There have been a few previous experiments using short the short-term plasticity that occurs during natural
trains of constant frequency stimuli (Thomson et al., stimulus patterns is expressed presynaptically through
1993), and several groups have used random pulse changes in neurotransmitter release probability.
trains with interstimulus intervals that are independent We observed a mixture of facilitation and depression
and exponentially distributed (Berger et al., 1988a, in response to the natural stimulus patterns, but depres-
1988b; Sclabassi et al., 1988; Markram and Tsodyks, sion was dominant in most of the experiments. Paired
1996; Tsodyks and Markram, 1997; Varela et al., 1997). pulse and/or frequency-dependent synaptic depression
While no in vitro experiment can truly duplicate in vivo are prominent features of many excitatory cortical syn-
conditions, our experiments are one step closer to repli- apses (Thomson and West, 1993; Thomson et al., 1993;
cating the natural situation, in that they present the syn- Thomson and Deuchars, 1994; Castro-Alamancos and
apse with the same mixture of interstimulus intervals Connors, 1996; Debanne et al., 1996; Markram and Tso-
observed in vivo. dyks, 1996; Stratford et al., 1996; Abbott et al., 1997;
The pioneering work by Berger and colleagues (1988a, Thomson, 1997; Tsodyks and Markram, 1997; Varela
1988b) applied nonlinear systems analysis (they calcu- et al., 1997; Ali et al., 1998; Chance et al., 1998) and
lated kernels through second order) to responses in the thalamocortical synapses (Stratford et al., 1996; Gil et
dentate gyrus generated by pulse pairs and random al., 1997). As suggested for the neuromuscular junction
spike trains. These investigators found significant non- (Thies, 1965), depression during repetitive stimulation
linear effects that differed between the random spike
appears to be due in large part to the depletion of the
train and paired pulse stimuli. This observation has two
pool of releasable synaptic vesicles (Betz, 1970; Zucker,
important implications. First, linear models cannot, in
1989; Thomson and Deuchars, 1994; Debanne et al.,general, be successful. Second, the failure of the same
1996; Dobrunz and Stevens, 1997). Synaptic depression,second order kernel to describe both the random spike
which favors the transmission of low-frequency inputs,train and paired pulse data reveals third or higher order
may play a role in limiting reverberant excitation (Thom-effects. These higher order effects would need to be
son and Deuchars, 1994) and act as a form of dynamicincorporated into a model in order to be able to predict
gain control, producing increased sensitivity to changesthe responses to natural stimulus patterns. In addition,
in input patterns (Abbott et al., 1997),we do not yet understand the mechanisms and interac-
We did not attempt to fit a mathematical model totions of the different forms of short-term plasticity well
our data. Field potentials reflect the average of manyenough to know what temporal aspects of the natural
synapses, and synapses are heterogeneous in theirspike train are most important in determining the synap-
properties. In CA1 neurons in the hippocampus, for ex-tic dynamics. As a result, existing models based on
ample, excitatory synapses have been shown to be quitedifferent stimulus paradigms cannot readily predict the
diverse in their release probability (Liao et al., 1992;responses to natural stimulus patterns that we have
Rosenmund et al., 1993; Allen and Stevens, 1994; Murthydetermined experimentally.
et al., 1997). In addition, the amounts of paired pulseVarela et al. (1997) recently studied the interactions
facilitation (Dobrunz and Stevens, 1997; Murthy et al.,of short-term facilitation and depression at synapses in
1997) and depletion (Dobrunz and Stevens, 1997) havelayer 2/3 of rat visual cortex. Stimulus trains with random
been shown to be related to release probability, mostmixtures of interstimulus intervals were presented, and
likely through a common dependence upon the size ofthe responses were characterized by using a model with
the readily releasable vesicle pool (Dobrunz and Ste-one component of facilitation and two components of
vens, 1997). Because of this, a mechanistic model of thedepression. Large variations in response amplitude,
response of CA1 synapses to natural stimulus patternsalong with small trial-to-trial variations, were observed
would need to incorporate the properties of individualin response to exponentially distributed trains of stimuli.
synapses with different release probabilities; such aLike the hippocampal neurons, cells in layer 2/3 of pri-
model is beyond the scope of this paper.mary visual cortex showed extensive depression of syn-
An interesting finding in our experiments is thataptic responses in response to irregular stimulus trains.
applying a natural pattern of stimulation (in the absencePharmacological manipulations were used to suggest
of APV) can by itself produce long-term changes in syn-that both forms of depression characterized by the
aptic strength. Although we cannot directly relate thismodel are mediated presynaptically.
effect to the situation in the behaving animal, our obser-Our experiments, while in agreement with the main
vations do show that the sort of spike trains these hippo-conclusions of that study, differ in a number of important
campal synapses actually experience are potentiallyrespects. First, our experiments were in the hippocam-
pus rather than the cortex; this enabled the stimulation able to modulate synaptic strength long term. Whether
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gathering data, (2) the latency and shape of the individual synapticLTP or LTD occurs presumably depends on the level
currents be invariant for repeated stimuli (although the amplitudeof depolarization and on the state of the cells. In our
varies), (3) the quantitative characteristics of the synaptic responseexperiments using natural stimulus patterns, we only
(release probability, average response size, latency, and shape of
observed LTP and not LTD, perhaps because all syn- synaptic current) remain invariant under standard stimulation condi-
apses were activated synchronously, thus producing a tions throughout the period of data collection, and (4) turning the
large postsynaptic depolarization. Although the extent stimulation down to lower intensities leads abruptly to a sudden
and complete failure of responses. For this experiment, two cellsto which synapses are activated synchronously in vivo
met all of the criteria for single synapse recordings, while recordingsremains to be determined, we have shown that natural
from three other cells appeared to contain a very small number ofstimulus patterns are capable of adjusting synaptic
synapses (probably 2±4).
strength and thereby modifying the hippocampal neu-
ronal circuits.
Errors in Estimating Release Probability
Our most important observation is that synaptic For experiments that employed minimal or near minimal stimulation,
strength is very strongly modulated during natural syn- we determined errors in estimates of release probability in the fol-
lowing way: let N be the number of stimuli given and n the numberapse use by short-term plasticityÐfacilitation, augmen-
of trials on which a release occurred; the estimate of release proba-tation, and depression. These historic effects thus ap-
bility is then p 5 n/N. By binomial theory, we estimate the variancepear to be not simply laboratory curiosities but rather
s2n in the number of successes by s2n 5 Np(1 2 p) 5 n(1 2 n/N) sothe basis for large adjustments in synaptic strength that
that the errors in estimates of p (6s) are given by s 5 sn/N 5would certainly have important implications for the func- √(n/N)(1 2 n/N)/N 5 √p(1 2 p)/N. The error bars in Figure 4B indicate
tion of neuronal circuits. The challenge is to understand the value of this quantity. The true p should be within the error bars
the complete computational significance of such modu- 68% of the time and within twice the indicated region 95% of the
time. Earlier work (Dobrunz and Stevens, 1997) has confirmed thatlations.
these estimates of the errors in calculating p are accurate.
Experimental Procedures
Natural Stimulus Patterns
Experimental Preparation The stimulus patterns used in these experiments were taken from
Transverse hippocampal slices were prepared from Long Evans rats the timing of action potentials recorded in vivo from hippocampal
(ages postnatal days 12±36) as previously described (Dobrunz and place cells of awake, freely moving rats that were foraging in an
Stevens, 1997). Briefly, 400 mm hippocampal slices were prepared open field. These data were generously provided to us by Dr. Robert
with a DSK Microslicer while immersed in ice-cold solution com- MuÈ ller and Dr. AndreÂ Fenton; see Fenton and MuÈ ller (1998) for details
posed of (in mM): NaCl, 120; KCl, 3.5; CaCl2, 0.7; MgCl2, 4.0; NaH2PO4, of the methods. We refer to the stimulation patterns here as natural
1.25; NaHCO3, 26; and glucose, 10. Slices were stored submerged stimulation patterns, because they more closely reflect the temporal
in room temperature (z228C) solution (composition described patterns of input that hippocampal synapses actually receive. The
above) that was bubbled with 95% O2/5% CO2. Slices were stored interspike intervals measured in vivo were multiplied by 3 (Franken-
in the holding chamber for .1.5 hr prior to recording. haeuser and Moore, 1963; Barrett and Stevens, 1972; Magleby and
During the experiment, slices were perfused with solution com- Stevens, 1972; Beam and Donaldson, 1983) to reflect the tempera-
posed of (in mM): NaCl, 120; KCl, 3.5; CaCl2, 2.5; MgCl2, 1.3; NaH2PO4, ture difference between the in vivo measurements (398C) and our
1.25; NaHCO3, 26; and glucose, 10. The solution was bubbled with recordings (228C). Complex spikes were observed in the in vivo
95% O2/5% CO2, and the pH was adjusted to 7.35 with NaOH. recordings (Fenton and MuÈ ller, 1998); spikes were considered to be
Picrotoxin (100 mM) was added to block inhibitory responses; to complex if two spike components were present within 10 ms of
prevent recurrent excitation, the CA3 region was surgically removed each other. We treated complex spikes as a single stimulus; as a
from each slice prior to use. Except where noted, the solution also result, the smallest interstimulus interval in our experiments was 30
contained 100 mM APV in order to block possible LTP or LTD. Except ms. Different subsets from the entire pattern were used; subsets
where noted, all recordings were done at room temperature (z228C). consisted of 128, 96, 64, or 32 points as indicated. In each experi-
APV ([1]-2-amino-5-phosphonopentanoic acid) was obtained from ment, the same pattern was presented multiple times, sometimes
Tocris Cookson. All other chemicals were from Fisher Scientific or separated by control sections of 32 points at a slow constant fre-
Sigma. quency. In each experiment, the stimulus amplitude and duration
were held constant. One natural stimulation sequence is described
Electrophysiology in greater detail in Figure 2.
The Schaffer collateral pathway was stimulated with 100 ms duration
pulses via a glass bipolar electrode placed in the stratum radiatum,
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